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Glaucoma, the second most common cause of blindness, is characterized by a progressive loss of retinal
ganglion cells and their axons, with a concomitant loss of the visual ﬁeld. Although the exact patho-
genesis of glaucoma is not completely understood, a critical risk factor is the elevation, above normal
values, of the intraocular pressure. Consequently, deciphering the anatomical and functional changes
occurring in the rodent retina as a result of ocular hypertension has potential value, as it may help
elucidate the pathology of retinal ganglion cell degeneration induced by glaucoma in humans. This paper
predominantly reviews the cumulative information from our laboratory’s previous, recent and ongoing
studies, and discusses the deleterious anatomical and functional effects of ocular hypertension on retinal
ganglion cells (RGCs) in adult rodents. In adult rats and mice, perilimbar and episcleral vein photo-
cauterization induces ocular hypertension, which in turn results in devastating damage of the RGC
population. In wide triangular sectors, preferentially located in the dorsal retina, RGCs lose their retro-
grade axonal transport, ﬁrst by a functional impairment and after by mechanical causes. This axonal
damage affects up to 80% of the RGC population, and eventually causes their death, with somal and intra-
retinal axonal degeneration that resembles that observed after optic nerve crush. Importantly, while
ocular hypertension affects the RGC population, it spares non-RGC neurons located in the ganglion cell
layer of the retina. In addition, functional and morphological studies show permanent alterations of the
inner and outer retinal layers, indicating that further to a crush-like injury of axon bundles in the optic
nerve head there may by additional insults to the retina, perhaps of ischemic nature.
 2011 Elsevier Ltd. Open access under CC BY-NC-ND license.Contents
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The retina is an extension of the central nervous system (CNS)
that looks out into the world through an exceptional window
provided by the ocular globe. This CNS extension is specialized to
capture and elaborate light-stimuli which are then conveyed to the
brain through the optic nerve axons. These axons arise from the
retinal ganglion cells (RGCs), a population of neurons located in the
innermost layer of the retina that are responsible for the ﬁnal
processing of the information in the eye, as well as for its output to
the different retinorecipient regions of the brain that receive
functionally relevant visual information.
There is a group of heterogeneous but clinically similar diseases,
known as glaucomatous optic neuropathies (GONs), which induce
typical changeswithin thenerveﬁber layerandopticdisc.GONsshare
in common, as ahallmark, theprogressive, slowdegenerationofRGCs
and their axons, alongwith increasing visual deﬁcits andGONs are, in
fact, the second major cause of blindness in the developed countries
(Resnikoff et al., 2004). At present themechanisms responsible for the
degeneration and death of RGCs are not completely understood, but
several of the most important risk factors in glaucoma have been
clearly identiﬁed, such as age, increased IOP, corneal thickness and
ethnicorigin (Quigley, 2011).Althoughnot all theGONsareassociated
with increased IOP (Schumer and Podos, 1994) and vice versa (Van
Buskirk and Ciofﬁ, 1992), IOP above normal levels is probably the
most important modiﬁable risk factor in humans (Leske, 1983; AGIS,
2000; Kass et al., 2002; Nouri-Mahdavi et al., 2004). Indeed, many of
the present pharmacological and/or surgical treatments aim at
diminishing IOP in an attempt to control or reduce the progression of
the disease and its effects on the visual ﬁeld (Morrison et al., 2005,
2008). However, the precise mechanisms by which ocular hyper-
tension (OHT) induces retinaldamagearenot completelyunderstood.
To better understand the mechanisms involved in GON-induced
RGC degeneration, the effects of a variety of insults that may be
implicated in this pathology have been investigated. These include: i)
axotomy of the RGC population by either complete intraorbital optic
nerve (ON) crush (Kielczewski et al., 2005; Nadal-Nicolás et al., 2009;
Parrilla-Reverter et al., 2009a, 2009b) or ON transection (Vidal-Sanz
et al., 1988, 2000, 2002; Villegas-Pérez et al., 1988; Kielczewski
et al., 2005); ii) transient ischemia of the retina induced by eleva-
tion of the IOP (Sellés-Navarro et al., 1996) or by selective ligature of
the ophthalmic vessels (Lafuente et al., 2002; Vidal-Sanz et al., 2007);
and iii) ocular hypertension (Morrison et al., 2005, 2010). Because
elevated IOP remains the most important modiﬁable risk factor inhuman GON (The AGIS investigators, 2000), animal models of OHT
have received much attention from researchers and proven useful to
advancing our understanding of OHT-induced RGC and optic nerve
pathology in inherited (Jakobs et al., 2005; Filippopoulos et al., 2006a;
Schlamp et al., 2006; Howell et al., 2007a; Soto et al., 2008; Nguyen
et al., 2011) and in experimentally induced OHT in rats
(WoldeMussie et al., 2001; Levkovitch-Verbin et al., 2002a) or mice
(Aihara et al., 2003b; Grozdanic et al., 2003b; Mabuchi et al., 2004; Ji
et al., 2005; Holcombe et al., 2008).
OHTmaybe inducedbyepiscleralvein cautery (García-Valenzuela
et al.,1995), hypertonic saline injectionof theaqueoushumoroutﬂow
pathways (Morrison et al., 1997) and limbal laser-photocauterization
(WoldeMussie et al., 2001; Levkovitch-Verbin et al., 2002a; Salinas-
Navarro et al., 2009c, 2010; Cuenca et al., 2010). This review
discusses the effects of OHT-induced retinal damage in adult rodents.
This rodentmodel is not fully comparable tomonkey or humanGON,
but it is conceivable that learning from rodent models is relevant to
better understand GON-induced retinal and ON damage in humans,
and useful to develop new strategies to treat the disease and/or
prevent its progression.
The rodent retina provides many technical advantages for
addressing neurobiological questions concerning the issues of
degeneration, regeneration and neuroprotection of the adult
mammalian CNS (Aguayo et al., 1987; Bray et al., 1987; Vidal-Sanz
et al., 2000, 2002, 2007), namely: i) The retina is located within the
eyeglobeandphysically isolated fromthe restof theCNS. Therefore, it
is readily accessible for experimental manipulations which can spare
other vital CNS structures, and consequently, animal survival is not
compromised and long-term studies are feasible (Vidal-Sanz et al.,
1991); ii) The RGC population has been well characterized anatomi-
cally and functionally, and can be studied in radial sections or in
retinal wholemounts, wherein an entire cell population may be
examined in a single histological preparation (Nadal-Nicolás et al.,
2009; Ortín-Martínez et al., 2010); iii) The ocular globe is a semi-
rigid structure, thus an increase in the IOP may alter retinal perfu-
sion and injure retinal neurons. Moreover there are several anatom-
ical features of the rodent ocular globe that make it suitable for the
study of OHT-induced retinal damage (Morrison et al.,1995a,1995b);
iv) RGC axons are highly organized with respect to their retinal
quadrant and centroperipheral position (Guillery et al., 1995;
Fitzgibbon and Taylor, 1996; Jeffery, 2001; Jeffery et al., 2008), so
ﬁbers carrying the information fromdifferenteccentricitiesaremixed
within a segment, extending from the periphery to the centre of the
nerve (Fitzgibbon and Taylor, 1996). Thus, there is a retinotopic
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and form the optic nerve head. This retinotopy, which is maintained
throughout the primary visual pathway up to the cortical areas,
predicts that neighboring axons originate from closely situated RGCs
in the retina; v) Anterogradely transported neuronal tracers when
injected intravitreally are incorporated by RGCs and transported
towards their target territories in the brain, allowing selective iden-
tiﬁcation of the retinofugal projections and their terminals (Avilés-
Trigueros et al., 2000, 2003). Conversely, because in rodents RGCs
project massively to the superior colliculi (Salinas-Navarro et al.,
2009a, 2009b), neuronal tracers applied to these structures result in
the labeling of the RGCpopulation by retrograde axonal transport; vi)
RGCs may be treated by intravitreal injection or target application of
substances, such as neurotrophins and their neuroprotective effects
maybequantitatively studied (Mansour-Robaeyet al.,1994; Peinado-
Ramón et al., 1996; Lindqvist et al., 2004); vii) Retinal blood vessels
arrive to the ocular globe on the dural sheaths of the optic nerve and
enter the globe on its inferior nasal part, giving rise to the intraocular
central retinal artery and its main radial branches (Morrison et al.,
1999; Sugiyama et al., 1999). Therefore, blood ﬂow may be inter-
rupted transiently or permanently by selective ligature of the
ophthalmic vessels to perform retinal ischemia studies. In addition,
because the ON does not contain the central retinal artery, it may be
severed without compromising retinal blood ﬂow (Lafuente et al.,
2002), which allows the study of the effects of optic nerve injury
independent of ischemia, i.e. axotomy, on the RGC population (Vidal-
Sanz et al., 1987; Villegas-Pérez et al., 1988, 1993); viii) The electro-
retinogram (ERG) recorded after a ﬂash of light measures the global
electrical activity of the retina, so an ERG can assess the function of its
main neuronal populations (Montalbán-Soler et al., 2011). Thus, the
major ERG waves (a- or b-) reﬂect the function of photoreceptors or
bipolar and Müller cells, respectively, and the scotopic threshold
response (STR) reveals the functional state of the innermost retinal
neurons; speciﬁcally, its positive component (pSTR) results fromRGC
activity (Sieving et al.,1986; Bui and Fortune, 2004;Alarcón-Martínez
et al., 2009, 2010); ix) RGCs in adult mammals do not spontaneously
regenerate their axons for long distances (Ramón y Cajal, 1914;
Richardson et al., 1982; Sellés-Navarro et al., 2001), while those of
theamphibianandﬁshmayregenerateandregain their target regions
(Grafstein,1986). However, if a segment of peripheral nerve is grafted
to the ocular stump of the ON, the capacity for axonal regeneration,
target reinnervation and the formation of new functional synapses
can be investigated (Whiteley et al., 1998; Avilés-Trigueros et al.,
2000; Vidal-Sanz et al., 2002); and x) In many experimental models
one eye gets treated while the contralateral eye may be used as an
uninjuredcontrol.However, this shouldbeusedwith cautionbecause
it has been shown that injury to one eye may induce signiﬁcant
molecular changes in the intact contralateral eye (Bodeutsch et al.,
1999; Lönngren et al., 2006; Ramírez et al., 2010).
2. Rodent OHT models
2.1. Animals and anaesthetics
All experiments shown here were performed on adult, male,
albino Swiss mice (32e37 g), and on adult, female, albino Spra-
gueeDawley (SD) (180e200 g) rats, obtained from the breeding
colony of the University of Murcia (Murcia, Spain). Mice and rats
werehoused in temperature- and light-controlled roomswith a 12h
light/dark cycle, and had food and water ad libitum. Light intensity
within the cages ranged from 9 to 24 lux. When animal manipula-
tions were performed we followed our institutional guidelines, the
European Union regulations for the use of animals in research and
the ARVO statement for the use of animals in ophthalmic and vision
research. All surgical manipulations were carried out under generalanesthesia induced with an intraperitoneal (i.p.) injection of
a mixture of ketamine (70 mg/kg, Ketolar, Parke-Davies, S.L., Bar-
celona, Spain) and xylazine (10 mg/kg, Rompún, Bayer, S.A., Bar-
celona, Spain). While recovering from anesthesia, animals were
placed in their cages and an ocular ointment (Tobrex, Alcon Cusí,
S.A. Barcelona, Spain) was applied on the cornea to prevent corneal
desiccation. Animals were euthanized with an i.p. injection of an
overdose of pentobarbital (Dolethal Vetoquinol, Especialidades
Veterinarias, S.A., Alcobendas, Madrid, Spain).
Results reported here are based on previously published studies
from our laboratory (Salinas-Navarro et al., 2009c, 2010; Cuenca
et al., 2010) as well as from additional groups of animals that
were prepared for this publication.
2.2. OHT in rodents
Several methods have been devised to elevate IOP in rats and
mice, taking advantage of the rodent anatomy of the aqueous
humor draining system (Morrison et al., 1995b). These include
episcleral vein cauterization, hypertonic saline injection into epis-
cleral veins, injection of microbeads alone or in combination with
viscoelastics in the anterior chamber, and laser photocoagulation
(LP) of the limbar tissues. These four methods have some advan-
tages and inconveniences, and differ in the level and duration of the
OHT, as well as in the extent of damage to the retina and ON
(Morrison et al., 2005; Cone et al., 2010).
In the episcleral vein cauterization model, two or three large,
episcleral veins are obliterated to block the venous outﬂow (García-
Valenzuela et al., 1995; Shareef et al., 1995; Sawada and Neufeld,
1999; Mittag et al., 2000; Ahmed et al., 2001; Neufeld et al., 2002;
Danias et al., 2006). This method has been used in pigmented and
albino rats (Neufeld et al., 2002;Grozdanic et al., 2003b;Danias et al.,
2006) and mice (Ruiz-Ederra and Verkman, 2006) and it has been
suggested that IOP elevation is probably due to congestion of the
uveal vasculature (Goldblum and Mittag, 2002; Grozdanic et al.,
2003b; Pang and Clark, 2007). Hypertonic saline injection into
episcleral radial veins results in scarringof the anterior chamber that
in turn increases IOP in rats (Morrison et al., 1997) or mice
(McKinnon et al., 2003; Kipfer-Kauer et al., 2010). This method
requires certain skills toplace aplastic ring around the equatorof the
eye to conﬁne thehypertonic saline to the trabecularmeshwork, and
the injection may need to be repeated in the following 14 days
(Hänninen et al., 2002). Intracameral injection of 5e15 mmdiameter
microbeads alone (Sappington et al., 2010; Samsel et al., 2011) or in
conjunctionwith viscoelastic agents (Urcola et al., 2006; Cone et al.,
2010; Pease et al., 2011) also results inOHT in rats (Urcola et al., 2006;
Sappingtonet al., 2010) andmice (Coneet al., 2010; Sappingtonet al.,
2010; Chen et al., 2011; Pease et al., 2011). Laser photocauterization
of the trabecular meshwork to reduce aqueous drainage was ﬁrst
employed in monkeys (Gaasterland and Kupfer, 1974; Quigley and
Hohman, 1983) and later applied to albino and pigmented rats
(Ueda et al., 1998; WoldeMussie et al., 2001, 2004; Levkovitch-
Verbin et al., 2002a, 2002b; Schnebelen et al., 2009; Salinas-
Navarro et al., 2010). The laser can be aimed at the meshwork
(Ueda et al., 1998), the meshwork and episcleral veins (Levkovitch-
Verbin et al., 2002b), or at the perilimbar and episcleral veins
(WoldeMussie et al., 2001). It is believed that lasering coagulates the
limbal vasculature, inducing a chronic angle closure that results in
an increased resistance of aqueous humor outﬂow. A number of
investigators administer a second session of laser treatment to
lengthen the period of increased IOP (Schori et al., 2001; Bakalash
et al., 2002; Ishii et al., 2003; Martin et al., 2003).
Mice models are essentially similar to rat ones, but more difﬁcult
to implement. However, their genome is known (Peters et al., 2007)
and the potetinal to generate knockout and transgenic animals
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et al., 1999; Libby et al., 2005; Howell et al., 2007b; Pang and Clark,
2007; McKinnon et al., 2009). A number of studies have used the
laser model in pigmented mice with consistent success. Using adult
pigmented C57BL/6 mice, Aihara et al. (2003b) emptied the aqueous
humor of the anterior chamber of the eye before lasering the limbar
tissue, to induce the closure of the angle. Mabuchi et al., (2003, 2004)
cauterized the limbar tissue and this induced a 1.5  increase in IOP
from2 to 12weeks that produced damage to the ON. Grozdanic et al.,
(2003a) injected green indocyanine in the anterior chamber prior to
lasering the limbar tissue. Other groups have also lasered the epis-
cleral andperilimbar veins inC57BL/6mice (Gross et al., 2003; Ji et al.,
2005). More recently, several studies have reported using the laser
model in albino mice (Salinas-Navarro et al., 2009c; Cuenca et al.,
2010; Fu and Sretavan, 2010; Fu et al., 2010). Microbead injection-
based mouse models of ocular hypertension are currently being
studied in a number of Laboratories (Cone et al., 2010; Sappington
et al., 2010; Chen et al., 2011; Pease et al., 2011; Crish et al., 2010)
because thismethodproducessmallerocular inﬂammation than laser
treatment of limbar tissues and episcleral veins. However, this
procedure may require repeated injections of microbeads (Urcola
et al., 2006; Cone et al., 2010) which may need to be directed
towards the outﬂow channels with a magnetic device (Samsel et al.,
2011). In addition to experimentally induced glaucoma, naturally
occurring models exist; DBA2mice spontaneously develop OHT and,
with age, pigmentary glaucoma (John et al., 1998; Libby et al., 2005;
McKinnon et al., 2009). The most commonly studied lines are the
DBA/2J and the DBA/2NNia (John et al.,1998,1999; Chang et al.,1999;
Bayer et al., 2001; Danias et al., 2003b; Jakobs et al., 2005;
Filippopoulos et al., 2006a; Schlamp et al., 2006; Howell et al.,
2007a; Buckingham et al., 2008; Soto et al., 2008). Alongside these
spontaneous forms, there are transgenic animals bearing mutated
forms of proteins implicated in GON. Examples of these are those
carrying a mutation in the subunit type I collagen (Col1a1r/r) that
induces an spontaneous and gradual increase of the IOP (Aihara et al.,
2003c), or those that express the Tyr437His substitution in the
myocilin protein (Zhou et al., 2008), which produces a moderate
elevation of the IOP that causes axonal degeneration and loss of RGCs.
LP of the limbar tissues has been the method of choice to induce
OHT in rats and mice in our laboratory. In brief, we laser the limbar
tissue with a diode laser, in a single session, directing the laser
beam directly towards the perilimbar and episcleral vessels of adult
albino (Salinas-Navarro et al., 2010) or pigmented (Salinas-Navarro
et al., 2008) rats, and albino (Salinas-Navarro et al., 2009c; Cuenca
et al., 2010; Ramírez et al., 2010) or pigmented (Valiente-Soriano
et al., 2008) mice.
2.3. Methods to measure IOP
The use of rodent OHT models has been advanced by the
availability of reliable devices to register IOP in these animalsdthe
tonometers TonoPen (Tono-Pen XL Reichert Ophthalmic Instru-
ments Depew, NY, USA) (Moore et al., 1993, 1996) and TonoLab
(Tono-Lab; Tiolat, OY, Helsinki, Finland) (for review see Morrison
et al., 2005, 2009). The TonoPen tonometer (Moore et al., 1993,
1995, 1996) was the method of choice to measure IOP in adult
rats for many years. More recently the rebound tonometer, Tonolab
(Kontiola, 2000, 2001; Danias et al., 2003a), which was designed
speciﬁcally for rodents (Wang, W.H. et al., 2005; Pease et al., 2006),
has become the preferred tool tomeasure IOP in adult rats (Jia et al.,
2000; Pease et al., 2006; Morrison et al., 2009) and mice
(Filippopoulos et al., 2006b; Pease et al., 2006).
In our studies IOP was measured under anesthesia with the
TonoPen tonometer in rats and using the TonoLab tonometer inmice.
Measurements were obtained prior to, and at different time intervalsafter laser photocauterization.When using the TonoPen, at each time
point 8e12 consecutive readings from each eye were averaged,
whereas for the TonoLab tonometer, at each time point 6 consecutive
readingswere performed for each eye, and the resultswere averaged.
IOPwas testedat thesametime inthemorning, and immediatelyafter
deepanesthesia, to avoid IOPﬂuctuationsdue to thecircadianrhythm
(Krishna et al., 1995; Moore et al., 1996; Jia et al., 2000; Aihara et al.,
2003a) or due to elevation of the IOP itself (Drouyer et al., 2008).
Moreover, because general anesthesia lowers IOP, we always
measured both the IOP-treated eye and the intact contralateral eye.
3. Methods to assess OHT-induced retinal damage
We have studied retinal changes induced by OHT with func-
tional andmorphological techniques. Functionally, we have studied
the scotopic threshold responses in both eyes and the a- and b-
waves of the ERG recordings after different light stimuli. Morpho-
logically, we studied the ganglion cell layer (GCL), the RGC pop-
ulation, the nerve ﬁber layer and the optic nerve.
3.1. Functional
The effects of OHTon the function of the retinawere examined in
several groups of mice. ERG responses were recorded simulta-
neously from both eyes and compared to each other prior to and at
different survival intervals between1and12weeksafter LP (Salinas-
Navarro et al., 2009c; Cuenca et al., 2010). In brief, animalsweredark
adapted for 8 h and thereafter manipulations were done under dim
red light. After anesthesia, bilateral pupil mydriasis was induced by
a drop of 1% tropicamide (Colircusi tropicamida 1%; Alcon-Cusí,
S.A., Spain). The light stimulation device consisted of a Ganzfeld
dome,which ensured a homogeneous illumination anywhere in the
retina, with multiple reﬂections of the light generated by light
emitting diodes (LED), which provide a wide range of light intensi-
ties. For high intensity illuminations, a single LED placed close
(1 mm) to the eyewas used. The recording systemwas composed of
Burian-Allen bipolar electrodes (Hansen Labs, Coralville, IA, USA)
with a corneal contact shape; a drop of 2% methylcellulose was
placed between the eye and the electrode tomaximize conductivity
of the generated response. The reference electrode was situated in
the mouth and the ground electrode in the tail. Light stimuli were
calibrated before each experiment assuring same recordings
parameters for both eyes. The ERG responses were recorded by
stimulating the retina with light intensities ranging between 106
and 104 cd s m2 for the scotopic threshold response (STR), 104
and 102 cd s m2 for the rod response, and between 102 and
102 cd s m2 for the mixed (rod and cone) response. For each light
intensity, a series of ERG responses were averaged and the interval
between light ﬂashes was adjusted to allow response recovery.
We followed the normalization criterions established for the
International Society for Clinical Electrophysiology of Vision to
measure amplitude and implicit time of the different waves
studied. The pSTR was measured from baseline to the top of the
ERG (around 110ms), and nSTRwasmeasured from baseline to ﬁrst
valley after pSTR (around 220 ms). A high difference between both
eyes prior to the surgery was an exclusion criterion.
3.2. Morphological
In rodents, the GCL hosts a population of displaced amacrine
cells of similar magnitude to the population of RGCs itself (Dräger
and Olsen, 1981; Perry, 1981; Perry et al., 1983; Jeon et al., 1998;
Schmidt et al., 2001), and there is also a small number of dis-
placed horizontal cells (Silveira et al., 1989). Although amacrine
cells are smaller than most RGCs (Cowey and Perry, 1979; Perry,
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small RGCs (Perry, 1981), rendering the anatomical criteria of soma
size invalid for distinguishing RGCs from displaced amacrine cells
(Villegas-Pérez et al., 1988, 1993). This anatomical feature of the
rodent GCL has made necessary the use of alternative techniques to
identify RGCs, such as the use of neuronal tracers that rely on
functional axonal transport and/or anatomical integrity of the axon,
the use of molecular markers speciﬁc for RGCs, or a combination of
either of these with the use of nuclear stains.
3.2.1. Tracer application to the SCI
Anestablishedmethod to identify RGCs consists of the application
of retrogradely transported tracers onto their main target regions in
the brain. Among these tracers are: fast blue (Vidal-Sanz et al., 1988;
Villegas-Pérez et al., 1988), DiI (1,10-dioctadecyl-3,3,30,30-tetrame-
thylindocarbocyanine perchlorate) (Vidal-Sanz et al., 1988),
Rhodamine-B-Isothiocyanate (RITC) (Thanos et al., 1987); Horse-
radish peroxidase (HRP) (Vidal-Sanz et al., 1987), Dextran tetrame-
thylrhodamine (DTMR; 3000 MW) (WoldeMussie et al., 2001), and
Fluoro-Gold (FG) (2-Hydroxystilbene-4,4-dicarboxamidine bis
methanesulfonate) or its analogue hydroxystilbamidine meth-
anesulfonate (OHSt)which is a smallmolecule (472,53 kDaMw)with
similar ﬂuorescent and tracer properties to FG (Cheunsuang and
Morris, 2005). At present, FG or OHSt are the tracers of choice in
many laboratories (Peinado-Ramón et al., 1996; Sellés-Navarro et al.,
1996; Villegas-Pérez et al., 1996; Salvador-Silva et al., 2000; Wang
et al., 2000, 2003; Danias et al., 2002, 2006; Kielczewski et al., 2005;
Filippopoulos et al., 2006a; Murphy et al., 2007; Reichstein et al.,
2007; Sobrado-Calvo et al., 2007; Lebrun-Julien et al., 2009; Nadal-
Nicolás et al., 2009; Galindo-Romero et al., 2011; Sánchez-Migallón
et al., 2011) because they are efﬁcient and reliable within the visual
system (Salinas-Navarro et al., 2009a, 2009b). Both FG and OHSt are
transported actively, since they require energy (Schmued and Fallon,
1986, 1989; Wessendorf, 1991), and retrogradely from the axon
terminal towards the cell somata and primary dendrites where they
accumulate for periods of up to 3e4 weeks without transcellular
diffusion (Schmued and Fallon, 1986), apparent fading, or leakage
(Sellés-Navarro et al., 1996; Gómez-Ramírez et al., 1999). In recent
studies, we have documented that in adult SD albino and Piebald-
Viral-Glaxo (PVG, pigmented) rats, approximately 98.4% and 97.8%
respectively, of the total RGC population projects to the SCi (Salinas-
Navarro et al., 2009a). Similarly, in albino Swiss or pigmented
C57BL/6Nmice, 98.5%or96.6% respectively, of thepopulationof RGCs
project to the SCi (Salinas-Navarro et al., 2009b). Thus, in our studies,
to identify, quantify and study the distribution of the rodent RGC
population, we have applied FG or OHSt to the SCi. Brieﬂy, FG (Fluo-
rochrome Inc., Engelwood, CO, USA) or OHSt (Molecular Probes, Lei-
den, The Netherlands)were diluted to 3% or 10%, respectively, in 0.9%
NaCl containing 10% dimethyl sulphoxide (DMSO), and applied over
the surface of the SCi as previously described (Vidal-Sanz et al., 1988,
1993, 2000, 2001). After exposing the midbrain, a small pledget of
gelatin sponge (Spongostan Film, Ferrosan A/S, Dinamarca) soaked
in the tracer solutionwas applied over the entire surface of both SCi.
The craniotomywas covered with Spongostan and the skin sutured
with 5/0 silk (Lorca Marín, Murcia, España). Previous studies in our
laboratorydocumentedthatsevendays isanoptimal interval for FG to
trace the entire retinotectal RGC population (Peinado-Ramón et al.,
1996; Sellés-Navarro et al., 1996).
3.2.2. Tracer application to the ON
The RGC population may also be identiﬁed with neuronal tracers
applied to the ON which contains all retinofugal axons. In brief, the
posterior pole of the eye globe and the origin of the optic nerve were
exposed througha superior temporal intraorbital approach. Thedural
sheathwas divided longitudinally; theONwas gently separated fromthe sheath and completely transected at approximately 2 mm from
theeye (Vidal-Sanzetal.,1987). Theﬂuorescent tracersdextranDTMR
(Molecular Probes, Inc. Eugene, OR, USA), FG, or OHStwere applied to
the ocular stump of the ON as small crystals, or diluted at 6% or 10%,
respectively, as described for rats (Vidal-Sanz et al., 1988; Villegas-
Pérez et al., 1993; Lafuente López-Herrera et al., 2002) or mice
(Salinas-Navarro et al., 2009b). In a group of preliminary studies we
observed that 3 days for FG or OHSt and 2 days for DTMR was an
optimal interval to allow the tracer to label the RGC population
without interfering with the injury-induced cell death triggered by
the ON axotomy involved in the tracer application. DTMR is a reliable
and efﬁcient neuronal tracer in the visual system (WoldeMussie et al.,
2001; Salinas-Navarro et al., 2009a, 2009c, 2010)which, in contrast to
FG or OHSt, diffuses passively through the axon at an approximate
speedof2mm/h(Fritzsch,1993;WoldeMussieetal., 2001),producing
an intense labeling of the RGC soma, proximal dendrites and intra-
retinal axon (WoldeMussie et al., 2001).
3.2.3. Identiﬁcation of RGCs with speciﬁc neuronal markers: Brn3a
RGCs may also be identiﬁed by immunodetection of proteins
speciﬁcally expressed by them or by in situ hybridization to detect
their mRNAs. Among these markers are microtubule-associated
protein 1A (MAP1A) (McKerracher et al., 1989), g-synuclein (Soto
et al., 2008; Surgucheva et al., 2008), Bex1/2 (Bernstein et al.,
2006), Thy-1 (Barnstable and Dräger, 1984; Casson et al., 2004;
Chidlow et al., 2005), NeuN (Buckingham et al., 2008), Brn3a
(Quina et al., 2005; Weishaupt et al., 2005; Nadal-Nicolás et al.,
2009) and Brn3b (Fu and Sretavan, 2010). Thy1 is an RGC-speciﬁc
antigen (Casson et al., 2004; Chidlow et al., 2005) but the expres-
sion of Thy-1 is down regulated after injury, does not appear to
correlate with apoptosis markers and is also expressed by Müller
cells in vitro (Schlamp et al., 2001). Bex1/2 immunoreactivity has
been shown to be useful to evaluate, ex vivo, the distribution of
RGCs in control retinas and after optic nerve stroke. However, the
axonal and somatic expression pattern of this protein impairs the
development of automated quantiﬁcation routines. Detection of g-
synuclein RNA (Soto et al., 2008) has been used to quantitatively
investigate the fate of mice RGCs after OHT in DBA/2J mice, using
either manual (Cone et al., 2010) or automated routines (Nguyen
et al., 2011; Soto et al., 2011). Brn3a is a member of the POU-
domain family of transcription factors, which have been shown to
play important roles in the differentiation, survival and axonal
elongation during development (Wang et al., 2002). In mice, Brn3a
is speciﬁc to those RGCs projecting contralaterally to the SCi and
lateral geniculate nuclei of the thalamus (Quina et al., 2005).
At present, g-synuclein, Brn3a and Brn3b have been shown
suitable for automatic quantiﬁcation of the RGC population (Fu and
Sretavan, 2010; Galindo-Romero et al., 2011; Nguyen et al., 2011;
Sánchez-Migallón et al., 2011). Recently, our group reported that
Brn3a is a speciﬁc and reliable marker to detect and quantify the
whole population of adult rat RGCs (Nadal-Nicolás et al., 2009) and
the majority of adult mice RGCs (Galindo-Romero et al., 2011). The
expression of Brn3a provides an indirect indication of the functional
state of the RGC, because by day 3, axotomized RGCs showa gradual
diminution in the expression of Brn3a-mRNA (Agudo et al., 2008,
2009) that correlates with a gradual decrease in the amount of the
Brn3a protein as observed with Western blotting and immunohis-
toﬂuorescence (Nadal-Nicolás et al., 2009). In addition, Brn3a
expression does not decline within axotomized RGCs that are
maintained alive by the intraocular administration of brain derived
neurotrophic factor (BDNF) (Sánchez-Migallón et al., 2011) indi-
cating the suitability of Brn3a to assess neuroprotection. Retinal
injury may alter axonal transport in a proportion of surviving RGCs
(Lafuente López-Herrera et al., 2002; Avilés-Trigueros et al., 2003)
and this renders axonal tracers applied after injury a suboptimal
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a method of choice to assess RGC survival. Indeed, Brn3a is a useful
tool to quantify the RGC population in various models of retinal
injury, including axotomy (Nadal-Nicolás et al., 2009; Galindo-
Romero et al., 2011; Sánchez-Migallón et al., 2011), OHT (Salinas-
Navarro et al., 2009a, 2010; Cuenca et al., 2010) and photoreceptor
degeneration (García-Ayuso et al., 2010, 2011). Retinalwholemounts
were immunoreacted for Brn3ausing previously describedmethods
(Nadal-Nicolás et al., 2009). In brief, retinas were incubated over-
night with goat anti-Brn3a (C-20) antibody (Santa Cruz Biotech-
nologies, Inc. Santa Cruz, Ca, USA) diluted 1:100, and primary
antibodies were detected with the secondary Alexa Fluor-568
donkey anti-goat IgG (H þ L) antibody (Molecular Probes, Inc,
Eugene, OR, USA) diluted 1:500 in blocking buffer.
3.2.4. Identiﬁcation of GCL neurons. nuclear staining with DAPI
The majority of the amacrine cell population may be identiﬁed
with a combination of GABA and glycine staining, but there are no
speciﬁc markers for amacrine cells displaced in the GCL, whichmay
account for approximately 17% of their population (KielczewskiFig. 1. Control retinal wholemount, showing RGCs double-labeled with Fluorogold and Br
showing RGCs, labeled with FG (A) applied to both superior colliculi for one week and immu
reconstruction was prepared with the aid of a motorized stage on a ﬂuorescence micros
automatic frame-grabber device (Image-Pro Plus, V5; Media Cybernetics, Silver Spring, M
where the frames (outlined in red in A) were captured contiguously side-by-side with no
generated by assigning to each one of the 64 divisions of each individual frame a color code
to 3500 or higher RGCs/mm2 (red). RGCs retrogradely labeled with FG (A, C) or immunostain
in a region along a nasotemporal streak in the superior retina. This retina has 85,771 FGþRG
position. Scale bar, 1 mm.et al., 2005). Our strategy to study neurons in the GCL has con-
sisted of the combination of a ﬂuorescent nuclear dye (4’,6-dia-
midino-2-phenylindole DAPI) for the identiﬁcation of all GCL
neurons with Brn3a immunodetection for speciﬁcally detecting
RGCs; nuclei that were DAPI positive and Brn3a negative could be
interpreted as displaced amacrine cells. DAPI staining also iden-
tiﬁes the nuclei of endothelial cells, astrocytes and microglia, but
these can be distinguished on the basis of their morphology,
because endothelial cells have characteristically elongated nuclei,
whereas microglial and astrocytic cells can be identiﬁed with their
own speciﬁc markers, such as Iba-1 or glial ﬁbrillary acidic protein
(Sobrado-Calvo et al., 2007; Ramírez et al., 2010). In brief, after
Brn3a immunodetection, retinas were mounted with anti-fading
medium containing DAPI to counterstain all retinal nuclei (Vecta-
shield Mounting mediumwith DAPI, Vector, Atom, Alicante, Spain).
3.2.5. Identiﬁcation of RGC axons: Neuroﬁlament staining of the
nerve ﬁber layer of the retina
Neuroﬁlaments (NF), the main cytoskeletal proteins in mature
neurons, are formed by three subunits which are named high (H),n3a. Wholemount of a representative right retina from a control Sprague Dawley rat
nostained with Brn3a (B) and their corresponding isodensity maps (C, D). Wholemount
cope with a high-resolution camera connected to an image analysis system with an
D, USA). Retinal multi-frame acquisitions were photographed in a raster-scan pattern
gap or overlap between them. Isodensity map is represented as a ﬁlled contour plot
according to its RGC density value within a 28-step color scale range from 0 (dark blue)
ed with Brn3a (B,D) are distributed throughout the retina, but present higher densities
Cs and 88,587 Brn3aþRGCs. For all retinas the dorsal pole is orientated at the 12 o’clock
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These proteins are modiﬁed by post-translational changes among
which the most signiﬁcant is phosphorylation. The distribution of
the phosphorylated and nonphosphorylated isoforms of the neu-
roﬁlaments differs within the neuron, the nonphosphorylated
isoform locates predominantly in the soma, proximal dentrites
and proximal segment of the axon, while the phosphorylated
isoforms are present in the mature axon (Sternberger et al., 1985).
In the rodent retina, axonal injury induces an abnormal distribu-
tion of the phosphorylated high molecular weight neuroﬁlament
isoform (pNFH) in the RGC somata and proximal dendrites (Dräger
and Hofbauer, 1984; Vidal-Sanz et al., 1987; Villegas-Pérez et al.,
1988; Balkema and Drager, 1990; Silveira et al., 1994; Dieterich
et al., 2002). Antibodies to pNFH do not label displaced amacrine
cells in the RGC layer (Dräger and Hofbauer, 1984; Kong and Cho,
1999) and have been used to identify surviving injured RGCs
(Dräger and Hofbauer, 1984; Vidal-Sanz et al., 1987; Villegas-Pérez
et al., 1988, 1996, 1998; Wang et al., 2000, 2003; Marco-Gomariz
et al., 2006; Parrilla-Reverter et al., 2009b; García-Ayuso et al.,
2010, 2011).
In our studies, the intra-retinal course of RGC axons was
examined in retinal wholemounts with the monoclonal antibody
RT97, originally developed by John Wood (Wood and Anderton,
1981), obtained from the Developmental Studies Hybridoma Bank
developed under the auspices of the NICHD and maintained by the
University of Iowa (Department of Biological Sciences, Iowa City, IA
52242). This antibody was raised in mouse against Wistar rat
neuroﬁlaments and recognizes in Western blots the heaviest
phosphorylated subunit (200 kDa) of the neuroﬁlament triplet
(pNFH) (Wood and Anderton,1981; Anderton et al., 1982; Veeranna
et al., 2008). In our laboratory we have used this commercial
antibody extensively because, in our experience, RT97 labels RGC
axons intensely and only faintly labels the horizontal cell plexus in
the rodent wholemount retina (Vidal-Sanz et al., 1987; Villegas-
Pérez et al., 1988, 1996, 1998; Parrilla-Reverter et al., 2009b).
Moreover, it is a good marker for axotomized RGCs and their axons
(Parrilla-Reverter et al., 2009b).
Immunodetection of pNFH followed our standard laboratory
protocols (Villegas-Pérez et al., 1996, 1998; Marco-Gomariz et al.,
2006). In brief, retinas were incubated overnight with the primary
antibody (mouse anti-pNFH, clone RT97) diluted 1:1000. Secondary
detection was carried out by 2-h incubation with goat anti-mouse-
FITC antibody (F-4018, SigmaeAldrich, St. Louis, Missouri, USA)
diluted 1:50. After that, retinas were washed in PBS and mounted
vitreal side up on slides, with anti-fading mounting media.Fig. 2. IOP measurements after LP in adult albino rats and mice. A. Histogram representing
left eye (LE). IOP was measured at 6, 12, 24, 48 and 72 h and at 1, 2, 3, 4 and 8 weeks after
values, with a maximum at 12 h. At 1, 2, and 3 weeks the IOP was approximately 33, 35 and 17
greater than basal values, respectively. B. Histogram showing the mean (SD) IOP values in a
at 1, 2, 3, 4, 5, 6, 7, 8 and 14 days after LP. IOP values rose and peaked by day 1 after LP, were
end of two weeks.3.3. Retinal analysis
Retinas were viewed and photographed using a ﬂuorescence
microscope (Axioscop 2 Plus; Zeiss Mikroskopie, Jena, Germany)
equipped with an ultraviolet (BP 365/12, LP 397), a rhodamine (BP
546/12, LP 590) and a ﬂuorescein (BP 450/490, LP 515e565) ﬁlter, to
observe the white-gold ﬂuorescence of FG, OHSt or DAPI, orange-
red of DTMR or red of the Alexa Fluor-568 donkey anti-goat IgG
(H þ L) antibody, and the ﬂuorescein-conjugated antibodies,
respectively.
The microscope was equipped with a digital high-resolution
camera (ProgResTM C10; Jenoptik, Jena, Germany) and a computer-
driven motorized stage (ProScanTM H128 Series; Prior Scientiﬁc
Instruments, Cambridge, UK), controlled by Image Pro Plus image
analysis software (IPP 5.1 for Windows; Media Cybernetics, Silver
Spring, MD, USA) with a microscope controller module (Scope-Pro
5.0 for Windows; Media Cybernetics, Silver Spring, MD, USA).
Retinal wholemount reconstructions were obtained according
to the methods that were recently described in detail (Nadal-
Nicolás et al., 2009; Parrilla-Reverter et al., 2009b; Salinas-
Navarro et al., 2009a, 2009b, 2009c, 2010). In brief, retinal multi-
frame acquisitions were photographed in a raster-scan pattern in
which frames were captured side-by-side with no gap or overlap
between them with a 10 (for rat retina) or a 20 (for mouse
retina) objective. Single frames were focused manually before the
capture of each image, which was then fed into the IPP image
analysis program. A scan area was deﬁned to cover the whole
retina, consisting of a matrix of m frames in columns and n frames
in rows, where the total number of frames in the scan area is
indicated by frames in columns times frames in rows (m  n). The
scan area covers the entire retina, with a frame size of 0.627 mm2/
image in the rat retina (thus requiring 154 images to be taken for
each retina), or of 0.2161 mm2/image in the mouse retina (thus
requiring 140 images) each at a resolution of 300 dots per inch. The
images of each retina were saved in a folder as a set of 24-bit color
image pictures, and these images were later combined automati-
cally into a single, tiled, high-resolution composite image of the
whole retina using IPP. Reconstructed images were further pro-
cessed using image-editing software (Adobe Photoshop CS ver.
8.0.1; Adobe Systems Inc., San Jose, CA) when needed to produce
ﬁgures (Fig. 1).
3.3.1. Image processing and RGC counts
To obtain the total number of FGþRGCs, OHStþRGCs,
Brn3aþRGCs or DAPIþnuclei in each retina, the individual FG-,the mean (SD) IOP values in a group of rats (n ¼ 12) sacriﬁced 8 weeks after LP of the
LP. Within the ﬁrst 72 h after LP, the IOP was raised between 41 and 131% over control
% higher than basal values and at 4 and 8 weeks the IOP was approximately 15% and 2%
group of mice (n ¼ 18) sacriﬁced 17 days after LP of the left eye (LE). IOP was measured
maintained until day 5, and then gradually returned to basal preoperative values by the
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photomontage were processed by speciﬁc cell-counting subrou-
tines developed to automatically count labeled RGCs or nuclei in
each frame (Nadal-Nicolás et al., 2009; Salinas-Navarro et al.,
2009a, 2009b, 2009c, 2010). In brief, we used the IPP macro
language to apply a sequence of ﬁlters and transformations to
each image in order to clarify cell limits and separate individual
cells for automatic cell counting. Initially, the images were con-
verted to 8-bit grey scale images to discard the color information.
Illumination aberrations caused by the microscope optics were
removed by the ﬂatten enhancement ﬁlter which evens out the
background variations. This was followed by enhancement of the
edges of the cells using the large spectral ﬁlter, which extracts
positive edges (in this case ﬂuorescently stained bright cells)
from the dark background. A setting of 8% (kernel size 20  20)
was sufﬁcient to enhance the cell edges to make detection
simpler. Small artifacts and noise were removed by running three
passes of the median enhancement ﬁlter (kernel size 3  3). Cell
clusters were then separated by two passes of the watershed split
morphological ﬁlter which erodes objects until they split and
then dilates them until they do not touch. Finally, the cells in
each image were counted using predetermined parameters to
exclude objects that were larger than 300 mm2 or smaller than
7 mm2. These parameters correspond to the largest and smallest
individual FG-labeled objects detected as RGCs. For DAPIþ nuclei,
objects that were larger than 180 mm2 or smaller than 18 mm2
were excluded from counting. Finally, each count was exported to
a spreadsheet (Microsoft Ofﬁce Excel, 2003, Microsoft Corpo-
ration, Redmond, WA, USA) for statistical analysis.
RGCs showing aberrant RT97 staining in their soma
(RT97þRGCs) were counted in a masked fashion in naïve and
experimental retinas from animals sacriﬁced 17 (mice) or 21
(rats) days after LP. These survival intervals were chosen
because it has been shown in rats that the largest number of
RT97þRGCs occurs between two and three weeks after axotomy
(Parrilla-Reverter et al., 2009b). Digitized retinal wholemount
reconstructions were examined frame by frame at high magni-
ﬁcation with the aid of Photoshop software, and every
RT97þRGC was marked with a colored dot to identify either faint
or strong RT97 immunoreactivity. A subroutine developed with
the IPP image analysis program allowed counting of the number
of dots (RT97þRGCs) as well as their topological distribution
within each of the analyzed retinas (Parrilla-Reverter et al.,
2009b). The distribution of RT97þRGCs and FGþRGCS in these
retinas was examined by comparing their respective topological
maps.
3.3.2. Isodensity maps
To examine the distribution pattern of RGCs over the entire
retina, cell densities were calculated and represented as ﬁlled
contour plot graphs as recently described (Nadal-Nicolás et al.,
2009; Salinas-Navarro et al., 2009a, 2009b, 2009c, 2010). In brief,
we developed a speciﬁc subroutine using IPP macro language, in
which every frame was divided into 64 equally-sized rectangular
areas of interest (AOI) for rat retinas or into 36 rectangular AOI for
mice retinas. In each AOI, the RGC number was obtained using the
previously described cell counting subroutine and the cell density
was calculated. RGC densities were later exported to a spreadsheet
(Microsoft Ofﬁce Excel, 2003, Microsoft Corporation, Redmond,
WA) and ﬁnally, data were represented as ﬁlled contour plots
(Fig. 1) using a graphing software (Sigmaplot 9.0 for Windows,
Systat Software, Inc., Richmond, CA, USA) to construct pseudo-
colored isodensity maps in a scale of 28 different-colored steps,
ranging from 0 (dark blue) to 3500 or higher RGCs/mm2 (red) (for
rat retinas) and of 45 different steps ranging from 0 to 5625 cells/mm2 (for mice retinas). These upper limits were chosen on the
basis of earlier studies in the laboratory that showed mean highest
densities around this value. Cell density calculating errors due to
frames not fully occupied by retinal tissue on the whole retina
contour were minimized by the high number of AOI, with a rela-
tively small size in each frame, and by the near absence of RGCs in
the retinal periphery.
3.4. Statistics
Data are shown as mean  standard deviation (SD). Statistical
analyses of the differences between groups of retinas or groups
of animals were performed using non-parametric ANOVA tests
using Statistix V1.0 for Windows 95 software: the Krus-
kaleWallis test was used for comparisons of more than 2 groups
and the Mann Whitney test was used when comparing just two
groups. These statistical tests were two-sided, with an overall
type I error rate of 5%. For the functional studies, t-tests were
used for comparison between the percent response and between
the implicit time difference of both eyes prior to and after LP, and
one way ANOVA was applied to compare the responses along
different survival intervals (overall type I error rate of 5% for all
tests).
4. Effects of OHT: results and discussion
To study OHT-induced damage we have lasered the limbal and
perilimbal tissues of the albino rat or mouse eye, applied trans-
ported or diffusible neuronal tracers and molecular markers to
identify RGCs and their axons, and used our recently developed
technology to image the retinal distribution and to count the total
population of RGCs. In addition, ERG recordings were obtained in
albinomice to assess retinal function over short and long periods of
time after LP.
4.1. LP increases IOP in rat and mice
In all our experimental groups, IOP was measured before and
at several intervals within the ﬁrst 48 h after LP, and every day for
the ﬁrst week, as well as every week until the conclusion of the
experiment. The IOP of the right control eyes had comparable
basal values in all experimental groups for mice or rats,
throughout the study (Salinas-Navarro et al., 2009c, 2010; Cuenca
et al., 2010). In the lasered eyes there were some variations among
the maximum IOP values, but the results were very consistent
between the different groups of animals processed at various
survival intervals (Fig. 2). LP of the episcleral and perlimbar veins
resulted in a substantial elevation of the IOP, which increased to
twice its basal values by 12 h. Signiﬁcantly elevated IOP was
maintained for the ﬁrst week in mice and for the ﬁrst four weeks
in rats, and then gradually declined until reaching preoperative
values. Comparable increases of IOP have been reported by others
in albino (Johnson et al., 2000; Park et al., 2001; WoldeMussie
et al., 2001, 2004; Levkovitch-Verbin et al., 2002a; Martin et al.,
2003; Fortune et al., 2004; Danias et al., 2006; Yang et al., 2007;
Drouyer et al., 2008; Morrison et al., 2008; Schneleben et al.,
2009; Crish et al., 2010; Ebneter et al., 2010; Guo et al., 2010, 2011;
Huang et al., 2011; Lambert et al., 2011; Soto et al., 2011) and
pigmented (Grozdanic et al., 2004; Johnson et al., 2007) rats, or
albino (Fu and Sretavan, 2010; Fu et al., 2010) and pigmented
(Aihara et al., 2003b; Grozdanic et al., 2003a; Mabuchi et al., 2003,
2004; Ji et al., 2005; Nakazawa et al., 2006; Holcombe et al., 2008)
mice. Variability of the IOP is a common ﬁnding in rodent models
of glaucoma (Morrison et al., 2010) because different laser
methods result in different IOP elevation proﬁles with variations
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(Chauhan et al., 2002; Levkovitch-Verbin et al., 2002a; Danias
et al., 2006).
Our IOP values in albino mice (Salinas-Navarro et al., 2009c;
Cuenca et al., 2010) may be considered a subacute model of OHT
and this may be regarded as a disadvantage when compared to
a more chronic model of OHT, because an important feature of GON
is the insidious onset and slow progression of the disease overFig. 3. Topologic distribution of FGþRGCs in control and LP adult albino rat retinas. FG-tra
examined 1 (C), 2 (E, G), 3 (I, K), 8 (M, O), or 12 (Q,S) weeks after LP, and their respective is
distribution of FGþRGCs (A, B) as well as their pattern of loss after LP (CeT). The absence of
with their apex pointing to the ON. However, these images demonstrate that, in addition t
isodensity maps. For example, in the inferotemporal quadrant of the retinas shown in M a
a control retina (B), i.e in N and R there are only green and light blue colors, while in B ther
Color scale (T, bottom right) ranges from 0 (dark blue) to 3500 or higher RGCs/mm2 (
bar ¼ 1 mm.months and years. Nevertheless, the transient OHT is sufﬁcient to
induce a number of features that are typically found in inherited
mice model of OHT (Jakobs et al., 2005; Schlamp et al., 2006;
Buckingham et al., 2008; Soto et al., 2008) thus arguing for
a similar underlying pathological mechanism. Moreover, our rat
experiments (Salinas-Navarro et al., 2010), in which OHT lasts for
three to four weeks, also show comparable features to those
observed in the mice studies.ced retinal wholemounts of a representative control (A) or experimental rat retinas
odensity maps (B, D, F, H, J, L, N, P, R and T). These retinas and maps show the normal
FGþRGCs was preferentially in the superior retina and was clearly observed in sectors
o this focal loss, there is as well a diffuse loss, as evidenced by the cooler colors of the
nd in Q there are FGþRGCs, but their density (N, R) is lower than in the same area of
e are yellows-orange colors, thus providing a vivid demonstration of diffuse RGC loss.
red). For all retinas the dorsal pole is orientated at the 12 o’clock position. Scale
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In the ocular hypertensive retinal wholemounts, retrogradely
labeled from the SCi with FG in rats, or with OHSt in mice, there
were large sectors with either a complete absence or a pronounced
decrease in the number of retrogradely traced RGCs. The lack of
RGCs was localized preferentially on the dorsal retina (95% of the
cases for rats and 94% for mice), but also affected the inferior retina,
and varied from a small sector to several retinal quadrants. In
approximately 90% of the experimental retinas there were large
areas devoid of traced RGCs. These regions lacking retrogradely
labeled RGCs often adopted the form of triangular sectors with their
base located on the periphery and their apex in the optic disc. The
distribution of retrogradely labeled RGCs was examined in detail by
constructing a contour isodensity map for each retina. Represen-
tative examples illustrating typical areas lacking, or with lower
than normal densities of FGþ- or OHStþ-RGCs are shown in Fig. 3 for
rats and in Fig. 4 for mice. In agreement with previous studies of
OHT retinas from rats and mice (Levkovitch-Verbin et al., 2002a; Fu
and Sretavan, 2010), we observed variability in the severity of
retinal damage. Many of our pathological ﬁndings are comparable
to those reported in a commonly used pigmented mouse model of
inherited glaucoma (DBA/2J) (Jakobs et al., 2005; Filippopoulos
et al., 2006a; Schlamp et al., 2006; Howell et al., 2007a;
Buckingham et al., 2008; Soto et al., 2008; Son et al., 2010). The
inherited models also show a large variability both in the degree ofFig. 4. Topological distribution of OHSt-labeled RGCs in control and LP adult albino mice ret
examined 8 (C), 17 (E,G), 35 (I), or 63 (K) days after LP of the left eye, showing OHSt-labeled RG
regions with focal loss, that is, with almost no OHStþRGCs, and other regions with sparsely
OHStþRGCs restricted to awedge located between the 5 and 9 o’clock position. The retina illu
o’clock position, but there are also spared RGCs distributed throughout the rest of the retina, al
survival intervals examined, approximately 90% of the retinas showed areas with severe abse
Color scale (L, bottom left) ranges from 0 (dark blue) to 5625 or higher RGCs/mm2 (red). Forretinal degeneration as well as in the time course of the disease
development (Schlamp et al., 2006). The isodensity maps docu-
ment that in addition to retinal sectors devoid of traced RGCs, there
was also a diffuse loss of these neurons, even within the retinal
areas where traced RGCs were still present. Thus, the lack of
backlabeled RGCs is both focal and diffuse (Figs. 3 and 4).
The proximal segments of the ONs from the lasered-eyes, when
examined in cross-sections stained for neuroﬁlaments, showed
important alterations in their structure, with sectorial degeneration
of ON ﬁber bundles observed, which is in agreement with previous
observations in OHT retinas of primates (Quigley and Addicks,1980)
andmice (Mabuchi et al., 2004; Shclamp et al., 2006). Overall, these
results document that OHT results in substantial retinal damage, as
demonstrated by the lack of retrograde labeling in the retina and the
sectorial degeneration of axonal bundles in the ON head.
4.3. The lack of retrogradely traced retinal ganglion cells is not
a progressive event
A classic notion of GON is the progressive and gradual loss of
RGCs. To examine if the lack of retrograde RGC labeling was an
ongoing event, several groups of animals were analyzed at
increasing survival intervals of up to two months for adult mice, or
up to three months for adult rats. Though there was some vari-
ability in the numbers of retrograde-labeled RGCs and in the retinal
areas devoid of them, on the whole the results were ratherinas. Retinal wholemounts of representative mice control (A) and experimental retinas
Cs and their corresponding isodensity maps (B, D, F, H, J and L). Note that there aremany
distributed RGCs. For example, the retina illustrated in E,F shows a region containing
strated in C,D, also shows OHStþRGCs within a large sector located between the 5 and 10
though in smaller densities, as reﬂected by the cooler than normal colors. In the different
nce of RGCs. This absence was mainly located (in 94% of the retinas) in the dorsal retina.
all retinas the dorsal pole is orientated at the 12 o’clock position. Scale bar ¼ 1 mm.
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groups of retinas; a lack of retrograde labeling in approximately
75e80% of the total RGC population in both species. In rats, the
population of FGþRGCs was greater one week after LP than after
two weeks. From this time point up to 12 weeks there was no
further loss, with the number of FGþRGCs remaining at 20% of the
levels quantiﬁed in the untouched contralateral retinas. In mice the
major lack of OHStþRGCs was already observed by one week after
LP without additional loss at 2, 5 or 9 weeks (Fig. 5). Earlier studies
had documented that RGC loss after ON section occurs in two
phases, an early one of twoweeks during which approximately 80%
of the RGC population dies and a second more protracted that
continues throughout the life of the animal (Villegas-Pérez et al.,
1993). Overall, our present data in rodent OHT retinas are in
agreement with our previous studies on the course of RGC loss in
rodent models of axotomy (rats: Villegas-Pérez et al., 1993;
Peinado-Ramón et al., 1996; Parrilla-Reverter et al., 2009a; Sán-
chez-Migallón et al., 2011; mice: Alarcón-Martínez et al., 2010;
Galindo-Romero et al., 2011) as well as in rodent models of tran-
sient ischemia of the retina induced by elevation of the intraocular
pressure above systolic levels (Sellés-Navarro et al., 1996) or by
selective ligature of the ophthalmic vessels (Lafuente et al., 2002;
Lafuente López-Herrera et al., 2002), in that the majority of the
RGC population dies within the ﬁrst two weeks after these types of
injury. However, our results in the OHT rodent retinas indicate that
the lack of retrogradely labeled RGCs appears soon after LP and
does not progress signiﬁcantly thereafter, and this might appear to
be at odds with the classic concept of progressive RGC loss induced
by axotomy (Villegas-Pérez et al., 1993) and observed also in the
ischemia models (Sellés-Navarro et al., 1996; Lafuente et al., 2002).
Certainly, inter-animal variability in the extent of OHT-induced
retinal damage might implicate variations in the starting time
point for injury to different axon bundles thus making it difﬁcult to
compare and correlate the time course of RGC loss. However, amost
likely explanation for this abrupt, non-progressive death kineticFig. 5. The lack of retrogradely traced RGCs is not a progressive event. Temporal course of re
(A) or mice (B), respectively. A. Histogram representing the mean (SD) total numbers of FG
of adult rats. To identify RGCs capable of retrograde axonal transport, FG was applied to bot
fellow retinas (RE) of these subgroups were within the range of previously published data
FGþRGCs were signiﬁcantly smaller (approximately one fourth to one ﬁfth) when compared
diminished considerably between 8 days and 2 weeks, but not between 2 and 12 weeks, ind
not progress further. B. Histogram representing the mean (SD) total numbers of OHStþRGCs
To identify RGCs capable of retrograde axonal transport, OHSt was applied to the SCi one we
RE retinas of these four groups were within the range of previously published data (Salinas
was approximately one fourth to one ﬁfth of the total numbers of OHStþRGCs found in the RE
retinas was comparable at all survival points, it is likely that the lack of retrograde axonal tran
published studies in rats (Salinas-Navarro et al., 2010) and mice (Salinas-Navarro et al., 200may relay on the fact that in the present studies RGCs were iden-
tiﬁed with FG or OHSt applied to their target regions at different
intervals after LP and as discussed above (section 3.2.3) and below
(section 4.4.) this technique may not reﬂect properly RGC survival
but rather an alteration of the retrograde axonal transport. Indeed,
when Brn3a was used to determine RGC survival there was
a progressive loss of RGCs between one and ﬁve weeks after LP (see
next section 4.4).
4.4. The lack of labeled RGCS is due to retrograde axonal transport
impairment and/or RGC death
Following FG application to the SCi in the albino rat, RGCs ﬁrst
appear labeled by 2e3 days, reachingmaximumvalues by 5e6 days,
which aremaintained for up to 4weeks,when the tracer signal starts
to progressively decline (Sellés-Navarro et al., 1996; Gómez-Ramírez
et al., 1999). In LP-retinas, the presence of the tracer within the RGC
bodies implies an active retrograde transport from the axon termi-
nals in the SCi all the way back to the retina, a distance of approxi-
mately 20 mms in the adult rat. It is possible that the absence of
retrograde-labeled RGCs observed in these LP-retinas is related to
a functional impairmentof the axoplasmicﬂow, ashasbeenobserved
following other types of retinal injuries, such as transient ischemia of
the retina. Indeed, a proportion of the RGC population that survives
transient ischemia exhibits impairment of retrograde axonal trans-
port (Lafuente López-Herrera et al., 2002; Avilés-Trigueros et al.,
2003; Mayor-Torroglosa, 2005; Vidal-Sanz et al., 2007).
To further investigate this question, we examined additional
groups of rats (Fig. 6) andmice (Fig. 7) retinas that were analyzed at
8 or 32, and at 8 or 35 days after LP, respectively, with two different
methods used to identify RGCs. FG (rats) or OHSt (mice) was
applied to both SCi to identify RGCs maintaining a functional
retrograde axoplasmic transport, while Brn3a immunohisto-
ﬂuorescence was used to identify surviving RGCs. Control retinas
showed the typical normal distribution of FGþ- or OHStþRGCstrograde axonal transport impairment 8 days to 12 weeks, or 8e63 days after LP in rats
þRGCs in the left (LE) and right (RE) retinas 8 days, 2, 3, 8 or 12 weeks after LP of the LE
h SCi one week prior to animal euthanasia. The mean total numbers of FGþRGCs in the
(Salinas-Navarro et al., 2009a). However, in the LP-retinas the mean total numbers of
to their untouched contralateral retinas. The total numbers of FGþRGCs in the LE retinas
icating that the major loss of FGþRGCs occurs between 8 and 14 days after LP and does
in the left (LE) and right (RE) retinas 8, 17, 35 or 63 days after LP of the LE of adult mice.
ek prior to animal euthanasia. The mean total numbers of OHStþRGCs in the untouched
-Navarro et al., 2009b). However, the mean total number of OHStþRGCs in the LP-eyes
retinas at all intervals studied. Because the mean total number of OHStþRGCs in the LP-
sport does not progress beyond 8 days. Data presented in this ﬁgure include previously
9c) as well as data from additional experimental groups in rats.
Fig. 6. Lack of back-labeled RGCs in rats is due to axonal transport impairment and to RGC loss. Wholemount of a control rat retina labeled with FG (A) and immunostained for
Brn3a (B) and the corresponding isodensity maps (C, D). To identify RGCs capable of retrograde axonal transport, FG was applied to both superior colliculi (SCi) one week prior to
sacriﬁce, while surviving RGCs were identiﬁed with Brn3a immunohistoﬂuorescence. In adult rats, RGCs typically tend to distribute over the retina with a higher density in the
superior retina, forming a nasotemporal visual streak which is clearly observed in the isodensity maps (C, D). E-H. Representative examples showing experimental retinas analyzed
one (E, F) or four weeks (G, H) after LP, showing the isodensity maps of their FGþRGCs (E,G) and Brn3aþRGCs (F,H). Note that the numbers of FGþRGCs are smaller than the number
of Brn3aþRGCs at one week, indicating that already within the ﬁrst week after LP there is a compromise in retrograde axonal transport of FG from the SCi in a large population of
RGCs that are still present in the retina, as evidenced by their Brn3a expression. Color scale (H, bottom right) ranges from 0 (dark blue) to 3500 or higher RGCs/mm2 (red). Retinas in
A and B, show a total of 86,546 FGþRGCs and 88,997 Brn3aþRGCs, respectively. Retinas in E and F, show a total of 19,769 FGþRGCs and 81,706 Brn3aþRGCs, respectively. Retinas in G,
H, show a total of 16,331 FGþRGCS and 17,261 Brn3aþRGCs, respectively. For all retinas the dorsal pole is orientated at the 12 o’clock position. Scale bar ¼ 1 mm.
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Fig. 7. Lack of back-labeled RGCs in mice is due to axonal transport impairment and to RGC loss. Wholemount of a control mice retina (AeD) labeled with OHSt (A), immunostained
for Brn3a (B) and the corresponding isodensity maps (C, D). To identify RGCs capable of retrograde axonal transport, OHSt was applied to both superior colliculi (SCi) one week prior
to sacriﬁce while surviving RGCs were identiﬁed with Brn3a immunohistoﬂuorescence. In adult mice, RGCs typically tend to distribute over the retina with a higher density in the
superior retina along a nasotemporal visual streak which is clearly observed in the isodensity maps (C, D). EeH. Representative examples of experimental retinas analyzed one (E, F)
and ﬁve weeks (G, H) after LP, showing the isodensity maps of their OHStþRGCs (E,G) or Brn3aþRGCs (F,H). Note that the numbers of OHStþRGCs are smaller than the number of
Brn3aþRGCs at one week, indicating that already within the ﬁrst week after LP there is a compromise in retrograde axonal transport of OHSt from the SCi in a large population of
RGCs that are still present in the retina, as evidenced by their Brn3a expression. Color scale (H, bottom right) ranges from 0 (dark blue) to 5625 or higher RGCs/mm2 (red). Retinas in
A and B, show a total of 52,010 OHStþRGCs and 50,215 Brn3aþRGCs, respectively. Retinas in E and F, show a total of 13,895 OHStþRGCs and 24,451 Brn3aþRGCs, respectively. Retinas
in G, H, show a total of 4860 OHStþRGCs and 4433 Brn3aþRGCs, respectively. For all retinas the dorsal pole is orientated at the 12 o’clock position. Scale bar ¼ 1 mm.
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and along the horizontally oriented visual streak (Figs. 6 and 7A, B).
As previously shown (Nadal-Nicolás et al., 2009; Galindo-Romero
et al., 2011), the retinal distribution of Brn3aþRGCs paralleled the
distribution of the FGþ- or OHStþRGCs (Figs. 6 and 7C, D). However,
the LP-retinas examined at 8 days showed total numbers of
Brn3aþRGCs greater than the total numbers of retrogradely labeled
RGCs, both in rats (Figs. 6E, F and 8A) (Mann Whitney test,
p < 0.001) and mice (Figs. 7E, F and 8B) (Mann Whitney test,
p < 0.001), indicating that, within the ﬁrst few days after lasering,
the absence of the tracer is due to an alteration of axonal transport
in some of the surviving Brn3aþRGCs, which are unable to transport
the tracer from the SCi back to their somata. This observation
further supports the concept that not all surviving RGCs retain
normal physiological properties (Lafuente López-Herrera et al.,
2002). Indeed, several recent studies in rats (Lambert et al., 2011;
Soto et al., 2011) and mice (Soto et al., 2008; Buckingham et al.,
2008; Crish et al., 2010) have showed important alterations in the
retrograde and orthograde axonal transport in RGCs associated
with OHT. This clear mismatch is represented in detailed isodensity
maps of representative examples (Fig. 6 and 7EeH) as well as in
Fig. 8, where the mean total numbers of labeled RGCs in rat and
mice are shown (Fig. 8). In addition, these results also document
that within the ﬁrst weeks after LP there is RGC death as evidenced
by the signiﬁcant decrease in the total numbers of Brn3aþRGCs
between 8 and 32 days after LP for rats (Figs. 6 F, H and 8A) (Mann
Whitney test, p < 0.001), and between 8 and 35 days for mice
(Figs. 7 F, H and 8B) (Mann Whitney test, p < 0.005). Because the
loss of traced RGCs does not progress further after 1 and 2 weeks in
mice and rats, respectively, these data may indicate that all the
RGCs whose retrograde axonal transport is altered, die progres-
sively as consequence of this damage, with a maximum of survival
of 35 or 32 days in mice or rats, respectively.
4.5. The lack of axonal transport appears ﬁrst functional and then
mechanical
The possibility that retrograde axonal transport impairment
appears ﬁrst functionally and then becomes mechanical wasFig. 8. Retrogradely traced RGCs and Brn3aþRGCs, short and long periods of time after LP.
(with FG in rats or with OHSt in mice) or immunostained with Brn3a in the left (LE) and righ
ganglion cells capable of retrograde axonal transport were identiﬁed with FG or OHSt applie
immunohistoﬂuorescence identiﬁed surviving RGCs. The total numbers of retrogradely labe
points. However, in rats (A), the total numbers of FGþRGCs in the LE represented respectivel
or 32 days, while at the same points the total numbers of Brn3aþRGCs in the LE represented
data demonstrate that, at one week after LP, the population of surviving RGCs (Brn3aþRGCs)
of OHStþRGCs in the LE represented 28% and 21% of the total numbers of FGþRGCs found in t
LE represented 49% and 20% of the total numbers of Brn3aþRGCs found in their contral
(Brn3aþRGCs) is much larger than the population of OHStþRGCs at one week. Thus, in both ra
due to an impairment of the retrograde axoplasmic transport in a large proportion of the su
from additional groups of experiments.explored. Populations of RGCs labeled by active retrograde trans-
port of FG or OHSt applied to both SCi for a week were compared
with populations of RGCs labeled by passive diffusion of DTMR
applied to the ocular stump of the intraorbitally transected ON for
two days. These retinas were analyzed between 1 and 12 weeks
after LP. Between one and two weeks after LP, FGþRGCs or
OHStþRGCs were conﬁned to the typical wedge sectors, while the
DTMRþRGCS were not restricted to them, but scattered throughout
the retina. Whereas most if not all RGCs retrogradely labeled from
the SCi with FG or OHTs were also doubly labeled with DTMR, the
areas of the retina containing DTMRþRGCs were larger than those
with FGþRGCs or OHStþRGCs (Fig. 9). These results indicate that
passive diffusion (or retrograde transport) of DTMR from the ocular
portion of the ON stumpwas possible in a larger population of RGCs
than that still capable of active retrograde transport from the SCi,
implying that shortly after LP the surviving RGCs suffer a functional
impairment of their retrograde axoplasmic transport. At longer
survival intervals however, in the groups of rats analyzed at 3 or
more weeks (Fig. 10) and in the groups of mice analyzed at 17 days
or longer (Fig. 11), this mismatch disappeared and there was a close
correspondence between the retinal areas devoid of FGþ- or
OHStþRGCs and of DMTRþRGCs (Figs.10 and 11).We interpret these
results in rats and mice as indicating that at later time points after
LP the absence of backlabeled RGCs is due not only to an alteration
of active axoplasmic transport but also due to a lack of passive
diffusion of the dextran. Thus it is likely that the absence of active
and passive axonal transport is the consequence of axonal
compression near the ON head.
4.6. Degenerative events in the nerve ﬁber layer mimic an axotomy-
like insult
As mentioned above, the proximal segments of the ONs from
LP-retinas, when examined in cross-sections stained for neuro-
ﬁlaments, showed sectorial degeneration that was compatible with
a focal injury to bundles of ON axons (Fig. 12). These ﬁndings
prompted us to examine the nerve ﬁber layer by neuroﬁlament
staining in the period shortly after LP and up to 12 weeks. In
wholemounts of control retinas, RT97þaxons conﬂuence intoA.B. Histograms showing the mean (SD) total numbers of RGCs retrogradely labeled
t (RE) retinas 8 or 32 days after LP for rats (A) or 8e35 days after LP for mice (B). Retinal
d to both superior colliculi (SCi) for one week prior to animal euthanasia, while Brn3a
led RGCs or Brn3aþRGCs in the RE in rats (A) or mice (B) were comparable at all time
y, 40% and 13% of the total numbers of FGþRGCs found in their contralateral retinas at 8
92% and 14% of the population of Brn3aþRGCs found in their contralateral retinas. These
is much larger than the population of FGþRGCs. Similarly, in mice (B), the total numbers
heir fellow retinas at 8 or 35 days, respectively. The total numbers of Brn3aþRGCs in the
ateral retinas at 8 or 35 days, demonstrating that the population of surviving RGCs
ts and mice the lack of retrograde labelling is not only due to RGC degeneration but also
rviving RGCs. Mice data (B) are from Salinas-Navarro et al. (2009c), while rat data are
Fig. 9. In rats, OHT impairs retrograde active axoplasmic transport before affecting passive axonal diffusion. To identify RGCs capable of retrograde axonal transport, FG was applied
to both SCi 1 week prior to animal processing, while RGCs with a competent axon at the level of the ON head were labeled with DTMR applied to the ocular stump of the
intraorbitally transected ON 2 days prior to animal processing. A, B. Representative control retinal wholemount, labeled with FG (A) and with DTRM (B) showing the typical
distribution of RGCs in the rat retina. CeF. Examples of individual representative experimental retinas of rats analyzed two weeks after LP. While FGþRGCs appear restricted to small
wedge-pie sectors of the retina, DTMRþRGCs are distributed in larger areas. For example, there is a clear mismatch between the smaller number of FGþRGCs (almost none in C, E)
and the larger number of DTMRþRGCs (D, F), which in addition, are more widespread. These observations illustrate that shortly after LP the retrograde active transport of FG from
both SCi is halted before passive diffusion of DTMR from the ON head. For all retinas the dorsal pole is orientated at the 12 o’clock position. Scale bar ¼ 1 mm.
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radial fashion with a straight trajectory. However, a typical ocular
hypertensive retina shows an abnormal pattern of RT97 immuno-
reactivity within the sectors lacking retrogradely-labeled RGCs,
from shortly after LP right up to 12 weeks after LP. This immuno-
reactivity consists of a number of features including the presence of
bulbous endings, intensely stained RGC somata, as well as typical
beaded axons, all of which are characteristics of degenerating RGCs
and had been described after intraorbital optic nerve axotomy
(Parrilla-Reverter et al., 2009b) (Fig. 12). Moreover, this analysis
revealed that the alterations observed within the RGC axons and
their somata parallel those observed after ON crush, rather than ON
cut (Parrilla-Reverter et al., 2009b).Consistent with our previous ﬁndings that a large population of
surviving Brn3aþRGCs (Figs. 6 and 7) had lost their capacity for
active retrograde axonal transport, in LP-retinas there were some
RT97þRGCs as well as bundles of RT97þaxons within the sectors
lacking retrogradely-labeled RGCs. In fact, RT97þaxons were
present even 12 weeks after LP, at a time when approximately 80%
of the RGC population is already disconnected from their target
region in the brain. This suggests that the retrograde degeneration
of RGC axons is a lengthy process, which is consistent with
previously reported studies (Mayor-Torroglosa et al., 2004; Vidal-
Sanz et al., 2005; Villegas-Pérez et al., 2005; Salinas-Navarro et al.,
2006; Schlamp et al., 2006; Soto et al., 2008; Howell et al., 2007a;
Buckingham et al., 2008). As previously shown after ON axotomy
Fig. 10. Matching topological distribution of FGþ or DTMRþRGCs several weeks after LP in rats. Retinal wholemounts of representative experimental retinas analyzed 12 weeks after
LP, illustrating the topological distribution of surviving FGþRGCs (A, C and E) or DTMRþRGCs (B, D and F). The lack of mismatch and close correspondence between the areas lacking
back-labeled RGCs with both tracers is evident for each one of the representative retinas. For example, the retina shown in A, is almost devoid of back-labeled RGCs in a sector
between the 3 and 5 o’clock position, and this distribution corresponds closely the topology of DTMRþRGCs (B). Similarly, the retina in E shows FGþRGCs throughout the retina, but
lacking from a sector (between the half-past 7 and the 9 o’clock position) where DTMRþRGCs are also lacking. These ﬁndings document that the lack of labeled RGCs is due not only
to an impairment of active retrograde axonal transport from the SCi back to the retina, but also to an actual lack of passive diffusion along the RGC axon from the ON head, and this is
consistent with the notion of a mechanical obstruction altering passive diffusion and active retrograde axonal transport. For all retinas the dorsal pole is orientated at the 12 o’clock
position. Scale bar ¼ 1 mm.
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eration of the intra-retinal axons indicate that it is difﬁcult to
predict RGC survival based on the appearance of the nerve ﬁber
layer because it is not a mirror image of the RGC population that
maintains a connection with the brain.
The degree of RT97 immunoreactivity within the RGCs somata
and primary dendrites varied from a faint, but clear, staining to
a very intense labeling. The mean total (SD) numbers of
RT97þRGCs in naïve mice or rat retinas, were 8  7 or
0.25  0.38, respectively. In contrast, in retinas examined 17 or 21
days after LP, the mean total numbers of RT97þRGCs had
increased to 271  78 (n ¼ 8) or 769  431 (n ¼ 13), for mice or
rats, respectively. Out of the total number of RT97þRGCs,
approximately 30% were intensely and 70% were faintly stained.This represented in the best case only 1% or 2% of the normal
population of RGCs in mice or rats, respectively, but nevertheless
the number of RT97þRGCs in the LP-retinas was greatly increased
when compared to naïve retinas.
The distribution of RT97þRGCs was compared to the topo-
logical distribution of FGþRGCs or OHStþRGCs in mice or rats
retinas. These maps show another typical feature of these retinas
(Fig. 13). While a retina with a complete ON lesion would show
RT97þRGCs and abnormal axons across its entire surface (see
Fig. 7 in Parrilla-Reverter et al., 2009b), in the present experi-
ments the aberrant staining of RT97 in RGC somata and axons,
was distributed preferentially within the regions of the retina
lacking retrogradely-labeled RGCs. Importantly, none of the
retrogradely-labeled RGCs showed RT97 staining in their somas.
Fig. 11. Matching topological distribution of OHStþ or DTMRþRGCs several weeks after LP in mice. AeC. Representative control retinal wholemount, labeled with OHSt (A) and with
DTMR (B) showing the typical distribution of RGCs in the mouse retina, which is clearly observed in the OHSt isodensity map (C). DeF. Examples of a representative experimental
retina analyzed 5 weeks after LP, where the correspondence between the OHStþRGCs (D) and the DTMRþRGCs (E) is almost complete, as shown in the OHStþRGCs isodensity map
(F). For all retinas the dorsal pole is orientated at the 12 o’clock position. Scale bar ¼ 1 mm.
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transport was maintained, axons and RGC somata had not been
injured.
Overall, the degenerative events that take place in the RGC layer
of our OHT-murine retinas, as observed with the RT97 immuno-
histoﬂuorescence are typical of an axotomy-like insult, and suggest
that a crush-like type of insult may be triggering RGC degeneration.
In OHT-albino mice retinas, Fu and Sretavan (2010) reported aber-
rant axonal growth and reactive plasticity of retinal axons near the
optic disc, much like what was previously observed after complete
intraorbital optic nerve transection in adult rats (Vidal-Sanz et al.,
1987; Villegas-Pérez et al., 1988; Sawai et al., 1996). Moroever,
aberrant pNFH accumulations within retinal neurons have also
been observed after OHT-induced retinal injury by a number of
independent groups (Buckingham et al., 2008; Soto et al., 2008;
Salinas-Navarro et al., 2009c, 2010).4.7. OHT does not affect displaced amacrine cells in the ganglion
cell layer
Several groups of OHT-rat retinas were analyzed at 4 (n ¼ 9), 12
(n ¼ 6) or 24 (n ¼ 3) weeks after LP and the entire population of
Brn3aþRGCs and DAPIþnuclei in the GCL was quantiﬁed automat-
ically. For each retina, isodensity maps were generated to show the
spatial distribution of Brn3aþRGCs and DAPIþnuclei. The retinas for
these groups showed the typical sectors lacking Brn3aþRGCs, and
the total mean numbers of Brn3aþRGCs in the left retinas of each of
these groups were signiﬁcantly smaller and amounted to 22, 15 and
34% respectively, of those found in their corresponding fellow
retinas (Salinas-Navarro et al., 2011). Thus, in agreement with our
previous studies, LP-retinas showed a mean survival of approxi-
mately 25% of the total RGC population. The total numbers of DAPI
stained nuclei in the right (untouched) retinas of these three groups
Fig. 12. Theaberrant expressionof pNFH is compatiblewith anONcrush-like injury. AeF. Fluorescencephotomicrographs fromrepresentative corresponding regions of a control (AeC)
and experimental retina (DeF), with FG applied to the SCi for one week, and processed 32 days after LP for Brn3a and RT97 (pNFH) immunohistoﬂuorescence. AeC. In control right
retinas FGþRGCs appear in normal densities (A), andmost of these are also double-labeledwith Brn3a (B), but none appear to also be immunoreactive for RT97,whose signal is restricted
to bundles of axons, as shownwith a multiﬂuorescence ﬁlter that allows observation of all three colors (C). The experimental retina shows a reduced number of FGþRGCs (D), many of
which are also double-labeledwithBrn3a (E). Interestingly, in this retina someRGCs showRT97 immunoreactivity in their somata. These still express Brn3a butwerenot tracedwith FG,
as shownwithamultiﬂuorescenceﬁlter (F).G,H. Photomicrographsof the inferior region in a representative retinaprocessed4weeks after LP, showinga sector that lacks orhas very few
FGþRGCs (G). H. The same region showing the nerve ﬁber layer, detected by RT97 staining, shows typical features of axotomy-induced retrograde axonal degeneration, such as RT97-
intensely stained RGC somata, aswell as beaded axons. Note that in the sector lacking FG-labeled RGCs there are RT97þ axonal bundles converging toward the optic disk throughout the
retina. Dashed line delineates the tentative border of the sector. J, L. Parafﬁn embedded 3 mm thick cross sections from the proximal segments of the optic nerves showing RT97 im-
munostaining in the right (J) and left (L) opticnerves fromaratexamined4weeks after LP. TheRT97 signal depicts axonal bundlewith anormal appearance in the right eye (J)while in the
left LP-eye there is a focal area lacking RT97 immunoreactivity, which is typical of axotomy-induced anterograde degeneration. Scale bars for AeF ¼ 50 mm. G-L ¼ 100 mm.
Fig. 13. Topological mismatch of RT97þRGCs and FGþRGCs in OHT retinas. AeD. Whole-mount of a representative experimental left retina analyzed 32 days after LP and double-
labeled with FG (A) and RT97 (C). B and D illustrate the topological distribution of the 34,736 FGþRGCs (B) and the 607 RT97þRGCs (D) present in this retina. Note the lack of
correspondence between the areas containing RT97þRGCs and the areas containing FGþRGCs; in fact, both populations have an almost complementary distribution. Color density
scale of the FGþRGC isodensity maps (B top right) ranges from 0 (dark blue) to 3500 or higher RGCs/mm2 (red). RT97þRGCs are represented as dots over the outline of the retinal
wholemount. For all retinas the dorsal pole is orientated at the 12 o’clock position. Scale bar, 1 mm.
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total numbers found in the left, experimental LP-retinas. A striking
observation in retinal wholemounts was the presence of large
sectors of the retina lacking Brn3aþRGCs, and when these same
retinas were examined for DAPI staining there were no clear
regions of the retina devoid of nuclear staining (Fig. 14) (Salinas-
Navarro et al., 2011). These data indicate that in our rat OHT
model, within the GCL there is selective loss of RGCs but not of
other non-RGC neurons, presumably displaced amacrine cells.
Interestingly, amacrine cells are thought to be preserved in glau-
coma (Jakobs et al., 2005; Kielczewski et al., 2005; Moon et al.,
2005), and many glaucoma models suggest loss of RGCs without
affecting other GCL neurons (Jakobs et al., 2005; Kielczewski et al.,
2005; Cone et al., 2010) indicating the LP model has some
anatomical validity. Whether damage induced by OHT affects other
outer and inner rat retinal layers, as occurs in mice (Cuenca et al.,
2010) has not been investigated in our present studies in rats, but
preliminary data from ongoing studies in the Laboratory suggest
that OHT in rats lead to long-term degeneration of photoreceptors
(unpublished observations). Given the intricacy of the connections
of the amacrine cells with the RGCs (Masland, 2011), it is likely that,
even though displaced amacrine cells persist in these OHT retinas,
the loss of their connections with the missing RGCs will certainly
induce important functional and molecular alterations in the
amacrine cells with a probable impact on the retinal function, but
these need to be further characterized.4.8. OHT may affect outer and inner nuclear layer retinal neurons
A classic GON hallmark has been considered the selective
damage of RGCs and their axons in sufﬁcient numbers to produce
visual ﬁeld deﬁcits, without involving other non-RGC neurons in
either the outer or inner nuclear retinal layers. However, not all
investigators agree that the damaged caused by GON in humans or
by OHT in experimental models is restricted to RGCs and their
axons. In humans for instance, several studies of GON or OHT
retinas have reported loss of neurons in the outer nuclear layer
(ONL) (Panda and Jonas, 1992; Nork et al., 2000; Choi et al., 2011)
and in the inner nuclear layer (INL) (Lei et al., 2008, 2010). Using
multiphoton imaging of DAPI-stained postmortem human glau-
comatous retinas to quantify neurons, a signiﬁcant neuron loss was
observed in the INL and ONL within the central region of the retina
(Lei et al., 2008, 2010). More recently Choi et al. (2011) have shown
that in advanced human GON there is loss of photoreceptors.
To study whether OHT-induced retinal damage affects other
non-RGC neurons in the mouse retina we have analyzed the ERG
recordings, because with this approach it is possible to assess the
functionality of the innermost, inner and outer retinal neurons
(Alarcón-Martínez et al., 2009, 2010; Salinas-Navarro et al.,
2009c). At baseline measurements, simultaneous ERG recordings
were recorded from the right and left eyes of each mouse before
laser treatment. These recordings showed that there were no
differences between eyes in either the STR, a-wave and b-wave
Fig. 14. OHT induces loss of RGCs but not of other cells in the GCL. AeH. Wholemounts from representative control (AeD) and experimental (EeH) retinas immunoreacted for Brn3a
(A, E) and stained with DAPI (C, G) and their corresponding isodensity maps (B, D, F and H). The control retina illustrates the normal distribution of Brn3aþRGCs (A, B) and of DAPI-
stained nuclei in the GCL (C, D), which are densest in the central retina. A representative experimental left retina, 12 weeks after LP (E) and its isodensity map (F) showing lack of
Brn3aþRGCs (E), except in the wedge-shaped sector located between the half-past 4 and 7 o’clock position (F). The same retina shows large numbers of DAPI stained nuclei in the
areas lacking Brn3aþRGCs (G) as reﬂected in the DAPI isodensity map (H). IeL. Higher power micrographs from the retina shown in (EeH) illustrate that the areas devoid of
Brn3aþRGCs (I, K) present large numbers of DAPI stained nuclei (J, L), many of which may be displaced amacrine cells and some are probably microglial cells. K and L are inserts from
I and J, respectively. Scale bars for AeH ¼ 1 mm. IeJ 500 mm. KeL ¼ 200 mm.
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LP, it was observed that elevated IOP was associated with
a signiﬁcant reduction in the ERG waves, including the pSTR, the
a-, and the b-waves in the left, LP-eye. These reductions were
observed by 24e48 h and remained throughout the period of
study in all the analyzed groups. Moreover, the implicit times
were signiﬁcantly longer than those recorded from control right
eyes. Recordings from a representative mouse examined longi-
tudinally prior to, and at 24 h, 1, 2, 4, 6, and 8 weeks after LP are
shown in Fig. 16 and illustrate that reductions in pSTR after LP are
maintained over time. ERG recordings from the different groups
of mice showed, in the left LP-eye, mean reductions in the
scotopic and mixed ERG recordings at all survival intervalsexamined. When compared to their contralateral eye, their a-, b-
wave, and pSTR amplitudes were reduced to approximately 73%,
73%, and 62%, respectively, of their control values at 2 weeks after
LP. At 8 weeks after LP these reductions were 52%, 72%, and 52%,
respectively, of their control values and at 12 weeks after LP, the
reductions were 44%, 50%, and 23%, respectively. These values
were also signiﬁcantly smaller than the values recorded prior to
LP (t-test, p < 0.05 for all times and waves). Overall these results
demonstrate important reductions in the a-, b-wave and pSTR
amplitudes that were already obvious by one week after LP and
persisted for up to 12 weeks after LP, the longest time point
examined in our studies (Salinas-Navarro et al., 2009c; Cuenca
et al., 2010), suggesting that these functional abnormalities
Fig. 15. Electroretinogram traces from an LP-eye in a representative adult albino Swiss
mouse. Electroretinogram recordings in response to ﬂash stimuli of increasing inten-
sity from a representative animal recorded before laser treatment and 24 h, 1 week, 4
weeks and 8 weeks later. We found a signiﬁcant reduction in the scotopic threshold
response, a-wave, and b-wave amplitudes by 24 h after lasering, amounting to
approximately 81%, 64%, and 54% of their basal values, respectively. The changes
observed in the ERG do not fully recover for survival times of up to eight weeks after
lasering.
Fig. 16. Changes in ERG measurements at different survival intervals Histogram plots illustra
recorded from the experimental groups analyzed 1 (A), 4 (B), 8 (C) or 12 (D) weeks after lase
for the a-, b-waves, and pSTR, and presented as % of the control values. For all animal group
P < 0.05), when compared to their control levels. These reductions were maintained over tim
12 wks after LP (AeD). These data suggest that laser treatment induces a permanent funct
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our experiments in mice studied up to 6 months after LP, show
that there are clear morphological signs of neuronal loss in the
outer and inner nuclear layers of the retina that become very
apparent after survival intervals of 4 months or longer (Cuenca
et al., 2010), further supporting the notion that, following OHT,
degeneration of the outer retinal is a protracted event.
Supportive of this are several OHT experimental studies that have
reported thinning of the INL (Dkhissi et al., 1996; Wang, X. et al.,
2005), the ONL (Cuenca et al., 2010) and functional abnormalities
of the ERG a- and b-waves (Mittag et al., 2000; Bayer et al., 2001).
Moreoever, recent anatomical studies point to the fact that in
long-term, well-advanced GON human retinas there is also loss
of non-RGC neurons (Choi et al., 2011).4.9. Isodensity maps show that OHT induces both sectorial and
diffuse RGC loss
The absence of retrogradely traced or Brn3a-immunostained
RGCs in retinas from our OHT rats and mice is observed in focal,
pie-shaped sectors with their vertex on the optic disc, or as less
conspicuous, diffuse reduction in numbers within the retinal areas
still containing RGCs. These ﬁndings are similar to what has been
observed in other spontaneousmurinemodels of glaucoma, such as
the DBA2/J, in which the geographical pattern of RGC loss is both
diffuse and focal (Filippopoulos et al., 2006a) and comparable to
recent ﬁndings in human GON. In human GON the typical pattern of
RGC loss is sectorial but there is also evidence for a substantial
component of diffuse RGC loss (Lei et al., 2009; Artes et al., 2010).
Indeed, using the nearest neighbor analysis in DAPI stained retinas,
the pattern of RGC loss described for the central retina is bothting changes in the amplitudes of the ERG components studied (a-, b-waves and pSTR),
ring. Measurements for all shown light intensity stimuli were averaged (mean  SEM)
s (AeD) the a-, b-wave, and pSTR amplitude were signiﬁcantly reduced after LP (t-test;
e and did not recover signiﬁcantly (t-test; P < 0.05) even for the animal group recorded
ional impairment that affects the innermost, inner and outer retina.
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the murine models of OHT and GON further support the use of OHT
models to deepen our understanding of the pathology of human
glaucoma.
The sectorial loss of RGCs could be explained by direct damage
at a point in the ON head where RGC axons are bundled together
because of their typical retinotopic arrangement (Guillery et al.,
1995; Fitzgibbon and Taylor, 1996; Jeffery, 2001; Jeffery et al.,
2008). A comparable geographical pattern of sectorial RGC loss
has been observed in retinal diseases in which photoreceptors
degenerate because of inherited dystrophies (Villegas-Pérez et al.,
1996, 1998; Wang et al., 2003; García-Ayuso et al., 2010) or light
exposure (Marco-Gomariz et al., 2006; García-Ayuso et al., 2011). In
these studies, RGC axonal injury was inﬂictedwithin the nerve ﬁber
layer by retinal vessels that constrict and strangulate RGC axon
bundles leading to retrograde RGC degeneration (Villegas-Pérez
et al., 1996, 1998; Wang et al., 2000, 2003; Marco-Gomariz et al.,
2006; García-Ayuso et al., 2010, 2011). Alternatively, dying RGCs
could inﬂuence neighboring RGCs, and this would also result in
secondary loss of RGCs in a clustered pattern. A clustered pattern
(patchy) has been described for the geographical RGC loss that
follows transient ischemia of the retina induced by selective liga-
ture of the ophthalmic vessels (Lafuente López-Herrera et al., 2002)
but this clustered pattern is quite different from the sectorial loss
observed in the present OHT retinas. In the selective ligature of the
ophthalmic vessels model, the loss of RGCs was also focal and
diffuse but the distribution within the retina adopted a very
different geography, with patches of focal loss distributed randomly
within the retina (see Figs. 2, 3 in Lafuente López-Herrera et al.,
2002). The sectorial loss observed in our rodent OHT retinas is
also different from the pattern of RGC and intra-retinal axonal loss
observed in a model of non-arteritic ischemic optic neuropathy
(Bernstein et al., 2007). In the latter, photoembolic blockade of the
anterior ON capillary blood ﬂow and ischemic axonopathy resulted
in RGC axon bundle loss, but again this adopted a geographical
distribution typical of a major radial retinal vessel obstruction
which differs from that observed in our OHT-murine studies.
In conclusion, it is likely that in our OHTexperiments, damage to
bundles of axons was inﬂicted at a region near the ON head where
the retinotopic arrangement of axons could explain the sectorial
loss. Recent studies indicate that in response to acute elevation of
IOP there is compression of the prelaminar tissue (Agoumi et al.,
2011) and not laminar displacement, and this may represent
a different situation from the classic permanent changes leading to
optic disc cupping and compression of the lamina cribrosa associ-
ated with GON (Quigley et al., 1983). In addition, as has been shown
for humans (Lei et al., 2008, 2009, 2010), other factors may take
place that could explain the diffuse, non-sectorial, loss of RGCs.
5. Concluding remarks and future directions
Overall our data indicate that LP-induced OHT in the adult rat or
mouse triggers a sequence of events leading to RGC degeneration.
First, an early loss of the active retrograde axonal transport that was
seen within the ﬁrst week after LP and which coincided with the
recorded peak of IOP elevation. Second, the loss of passive diffusion
along the ocular stump of the ON toward the RGC soma that was
observed between 14 and 21 days after LP and was clearly apparent
at subsequent observations, at 8 and 12 weeks. Third, the loss of
RGCs that was mostly seen in a geographical pattern of pie-shaped
sectors, but was also seen as a diffuse loss of these neurons. Fourth,
a slow process of retrograde degeneration of the intra-retinal axon
and its soma, and ﬁfth, the loss of RGCs while the non-RGC neurons
of the GCL are preserved. All these ﬁndings are compatible with
a compressive damage of axon bundles somewhere near the ONhead (Quigley and Anderson, 1976, 1977; Salinas-Navarro et al.,
2009c, 2010), where failure of astrocytes to phagocyte axonal
debris may contribute to axon loss (Nguyen et al., 2011).
In parallel, our functional and morphological studies in mice
indicate that OHT also results in permanent and severe functional
and structural damage to the inner and outer nuclear layers of the
retina (Salinas-Navarro et al., 2009c; Cuenca et al., 2010), which
may imply that there are additional insults to the retina beyond the
damage of axon bundles in the ON head, and perhaps of ischemic
nature. Increased IOP may result in compromise to the inner retina
blood supply (Costa et al., 2003; Flammer et al., 2002), and
a number of the degenerative events observed in our OHT-mice
retinas were also observed at long periods of time after transient
ischemia of the retina (Mayor-Torroglosa, 2005). Because the inner
and outer retinal neurons are compromised after OHT, it is
important to develop neuroprotective methods not only aimed at
preventing or slowing RGC loss but also directed towards limiting
the damaging sequelae on the inner and outer retina.
Three main lines of work are envisaged for our immediate
research activities. A ﬁrst one is concerned with detailed studies of
the inner and outer retinal layer in adult rats following LP, since it is
important to ascertain the degree and time course within which
other non-RGC retinal neurons may be affected by OHT. A second
one is concerned with deciphering the molecular mechanisms
underlying the processed described here in this review, and by
others, that take place following OHT andmay lead to degeneration
and neuronal death within the OHT retinas. The third one concerns
with the study and development of therapeutical strategies to slow
or prevent OHT-induced retinal damage and neuronal death, and
thus to neuroprotect the retina as has been shown in other models
(Vidal-Sanz et al., 2000, 2001, 2007)
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